Introduction
Dinuclear and polynuclear Ru complexes bridged by bis biand tridentate ligands have received much attention in recent years in connection with the design of molecular electronic devices. 1 An understanding of the basic photoinduced intramolecular electron (or energy) transfer events in these complexes and control of the electron transfer pathway are most crucial for the realization of such molecular electronic or photonic devices. Recent studies have revealed that intramolecular electron transfer events can be governed by several factors, including the donor-acceptor electronic coupling, the freeenergy change of the reaction, and the polarity of the solvent. 2 The interaction between donor and acceptor in polynuclear Ru complexes is strongly dependent on the bridging ligand. Thus, the design of the bridging ligand is one of the key steps in realizing molecular electronic devices based on polynuclear Ru complexes. Various N-heterocyclic fragments such as pyridine, pyrazine, and pyrimidine have been used to construct bridging ligands. 2g,3 For example, 4,4′-bipyridine, 2,3-bis(2-pyridyl)-pyrazine (dpp), and 2,2′-bipyrimidine each can connect two metal ions, mediating metal-metal electronic interaction through their π-system. For the purpose of designing a new bis bidentate bridging ligand, the selection of the intervening and terminal coordinating fragments is important. The π-donor-π-acceptor properties of the bridging ligand and/or the metal-metal distance can be controlled by choosing the appropriate combination of fragments shown in Scheme 1. 2g,3b Pyridine-, pyrazine-, and pyrimidine-containing ligands have relatively low-lying π*-orbitals, and therefore they act as good acceptors. In contrast, the imidazole-containing ligands such as bis(imidazole) are poorer π-acceptors and better π-donors.
One of the advantages of using imidazole-containing ligands is the ability to control orbital energies by proton transfer. As part of our study of proton-induced tuning of chemical properties in dinuclear and polynuclear complexes, we have reported earlier 4 the proton-induced switching of metal-metal interactions in dinuclear Ru complexes bridged by 2,2′-bis(2-pyridyl)-bibenzimidazole (bpbimH 2 ). Deprotonation of the intervening benzimidazole moieties appears to induce a large energy perturbation in the dinuclear complex. In the present study, we have extended our investigation to the new bridging ligand system, 2,2′-bis(benzimidazol-2-yl)-4,4′-bipyridine (4,4′-bbbpyH 2 ), which is one of the structural isomers of bpbimH 2 or 6,6′-bis-(benzimidazol-2-yl)-2,2′-bipyridine (2,2′-bbbpyH 2 ) 5 (Scheme 2). In this bbbpyH 2 ligand, the intervening component is a 4,4′-bipyridine, while the bpbimH 2 ligand contains the bis(benzimidazole) fragment. Quite recently, the corresponding dinuclear Ru complex containing 2,2′:4′,4′′:2′′,2′′′-quaterpyridine (qpy), also possessing a 4,4′-bipyridine intervening component, as a bridging ligand, has been shown to emit at 685 nm with a surprisingly long lifetime. 6 A comparative study of these 4,4′-bipyridine-based bridging ligands, 4,4′-bbbpyH 2 and qpy, with the bis(benzimidazole)-based ligand makes it possible to understand the influence of the bridging ligand, particularly of the intervening part, on the excited-state properties and metalmetal interactions. We describe here the synthesis, molecular structure, and excited-state properties of Ru complexes containing bbbpyH 2 .
Experimental Section
Materials. 4,4′-Bipyridine (Nacalai) and ruthenium trichloride trihydrate (Engelhardt) were used without further purification. Acetonitrile was purified twice by distillation over P 2O5. Tetra-n-butylammonium tetrafluoroborate (TBAB, Nacalai) was recrystallized from ethanol-water (4:1 v/v) and dried in Vacuo. All other supplied chemicals were of standard reagent grade quality.
Synthesis. The compounds 2,2′-dicyano-4,4′-bipyridine, 7 4,4′-bis-(trifluoromethyl)-2,2′-bipyridine (btfmb), 8 Ru(bpy)2Cl2‚2H2O, 9 Ru(btfmb)2-Cl 2‚2H2O, 8 Os(bpy)2Cl2‚2H2O, 9 and Ru(bpy-d8)2Cl2‚2H2O 10 were synthesized according to literature methods. Caution! Perchlorate salts are potentially explosiVe. Although no detonation tendencies haVe been (2) (a) Ohno, T. Prog. React. Kinet. 1988, 14, 219. (b) Synthesis of the Bridging Ligand 2,2′-Bis(benzimidazol-2-yl)-4,4′-bipyridine (bbbpyH 2). A mixture of 2,2′-dicyano-4,4′-bipyridine (4.95 g, 24 mM) and o-phenylenediamine (5.20 g, 48 mM) in polyphosphoric acid was heated at 180°C for 14 h. The reaction mixture was then cooled to room temperature and poured into water (600 mL). The solution was neutralized with a 28% NH 3 solution. A greenish precipitate was obtained and washed with methanol several times. Finally, the greenish precipitate was dissolved in methanol (700 mL) by dropwise addition of concentrated HCl. After filtration, reprecipitation was achieved by dropwise addition of a concentrated NH 3 (28%) solution until the solution was neutralized. The precipitate was collected and dried in Vacuo. Yield: 4.80 g (50%). Mp: >290°C. Mass spectrum: m/z ) 398 (M + ); M ) C24H16N6. Anal. Calcd for C24H16-N6‚0. 5H2O: C, 72.46; H, 4.27; N, 21.11. Found: C, 72.89; H, 4.27; N, 20.63 2Cl2‚2H2O (0.21 g, 0.40 mM) was added to the resulting suspension, and the mixture was further heated for 5 h. During this period, the color of the solution changed to red. The resulting solution was cooled to room temperature, and 30 mL of water was added to the solution. Excess free ligand was precipitated from the solution and removed by filtration. A solution of NaClO 4 (5 g in 200 mL of H2O) was added dropwise until precipitation was complete. The precipitate was collected, dried, and dissolved in a minimum quantity of CH 3CN, and the solution was chromatographed on a SP-Sephadex C-25 column with CH 3CN-buffer (1:1 v/v). Adjusting the eluted solution to pH 5.5 led to the elution of a yellow band. The eluate was collected and evaporated to half of its volume. Again, saturated NaClO 4 solution was added dropwise to the concentrated eluate, resulting in the formation of a yellow precipitate. The precipitate which formed was collected by filtration. Yield: 0.23 g (50%). Anal. Calcd for RuC 49.26; H, 3.76; N, 13.06. Found: C, 48.87; H, 3.65; N, 13.01 . Single crystals suitable for X-ray structure analysis were grown from acetone-methanol (4:1) at room temperature.
Synthesis of the Protonated Dinuclear Complex [(bpy) 2Ru-(bbbpyH 2)Ru(bpy)2](ClO4)4‚4H2O. A solution of Ru(bpy)2Cl2‚2H2O (0.31 g, 0.60 mM) in ethylene glycol was heated for 30 min. Solid bbbpyH 2 (0.12 g, 0.30 mM) was added to the reddish-violet solution, and the resulting mixture was refluxed for about 7 h, during which time the solution turned dark red. The solution was cooled to room temperature, and 30 mL of H 2O was added. After filtration, a saturated solution of NaClO 4 (5 mL) was added dropwise to the filtrate to complete precipitation. The precipitate was collected by vacuum filtration and dried. The precipitate was dissolved in a minimum amount of acetonitrile, loaded on a SP-Sephadex C-25 column, and eluted with CH 3CN-buffer (1:1 v/v). The desired dinuclear complex was eluted as a second fraction by raising the solution pH to 7. The eluate was concentrated to half of the volume, and addition of saturated NaClO 4 solution effected the precipitation of the desired complex, which was collected and recrystallized from acetonitrile-methanol (1:4). Yield: 0.31 g (60%). Anal. Calcd for Ru 2C64H48N14Cl4O16‚4H2O: C, 45.62; H, 3.35; N, 11.64. Found: C, 45.63; H, 3.50; N, 11.38 .
[(bpy-d 8)2Ru(bbbpyH2)Ru(bpy-d8)2](ClO4)4‚H2O. Ru(bpy-d8)2-Cl2‚2H2O (0.23 g, 0.42 mM) was suspended in 15 mL of glycerol at 100°C, and the suspension was stirred under nitrogen for 1 h. Then, solid bbbpyH 2 (0.085 g, 0.21 mM) was added, and heating was continued for 10 h. The reddish-brown solution was cooled to room temperature, and 30 mL of water was added. The solution was filtered to remove insoluble impurities, and a saturated NaClO 4 aqueous solution was added to the filtrate until complete precipitation occurred. The precipitate was collected and purified by column chromatography on a SP-Sephadex C-25 resin with CH Physical Measurements. Electronic absorption spectra were obtained on a Hitachi U-3210 spectrophotometer from 200 to 850 nm and a Hitachi 3400 spectrophotometer from 800 to 2500 nm. NMR spectra were measured with a 270 MHz JEOL spectrometer.
Electrochemical measurements were made at 20°C with a BAS 100 B/W electrochemical workstation. The working electrode was a glassycarbon or platinum disk electrode and the auxiliary electrode was a platinum wire. The reference electrode was Ag/AgNO 3 (0.01 M in 0.1 M TBAB CH 3CN), abbreviated as Ag/Ag + . The E1/2 value for the ferrocenium/ferrocene (Fc + /Fc) couple is +0.09 V vs Ag/Ag + . Spectroelectrochemistry was performed by using a platinum minigrid (80 mesh) working electrode in a thin-layer cell (optical path length 0.05 cm). The cell was placed into the spectrophotometer, and the absorption change was monitored during the electrolysis. Flow electrolysis was performed with the same flow-through cell as reported previously. 4b pH measurements were made with a TOA Model HM-20E pH meter standardized with buffers of pH 4.01 and 6.89. A 50% acetonitrilebuffer mixture was employed because of the limited solubility of the present complexes in pure aqueous solution, particularly at higher pH. The readings of the pH meter in this mixture are referred to as "apparent" pH unless otherwise stated. Spectrophotometric titrations were performed in an acetonitrile-buffer (1:1 v/v) solution, as described previously. 4d Buffer systems and pH ranges employed were as follows: HClO 4-NaClO4, pH 0-2; Robinson-Britton buffer, pH 2-11.
A Hitachi spectrofluorimeter, Model MPF-2A, was used to measure emission spectra at room temperature. Emission lifetimes were measured by means of the single-photon-counting method on a Horiba NASE-550 nanosecond fluorimeter system. The sample was excited by 500 nm pulses from a hydrogen gas lamp through a Nikon G50 monochromator. Transient absorption spectra were obtained after exposure of the solution to the second harmonic pulse of a Q-switched Nd 3+ -YAG laser by a procedure described elsewhere.
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Resonance Raman spectra were recorded for the complexes in a KNO 3 disk by using a spinning cell and a Dilor XY spectrophotometer. place at 457.9, 488, 514.5, 538, and 546 nm. The resonance Raman wavenumbers were calibrated by using the1051 cm -1 band of KNO3 as a standard. The geometrical structures of the bridging ligand bbbpyH2 and its deprotonated form, bbbpy, were optimized by using an STO-3G basis set 12 within the Hartree-Fock approximation (HF/STO-3G). The HF/ 3-21G method 13 was employed to obtain more reliable electronic structures at the HF/STO-3G optimized geometries. All calculations were performed by using the quantum chemistry program code GAMESS. 14 X-ray Crystal Structure Determination. An orange prismatic crystal was sealed on a glass fiber and mounted on a Rigaku AFC-5R diffractometer. Intensity data were collected at ambient temperature using graphite monochromatized Mo KR radiation (λ ) 0.71073 Å). Crystal data and other numerical details of the structure determination and refinement are given in Table 1 . Unit cell parameters and the orientation matrix were determined from 25 reflections in the range 20°< 2θ < 25°. No significant variation in intensities was observed for three standard reflections during data collection. Data were corrected for Lorentz and polarization effects. The calculations were carried out using a HITAC M-680H computer at the Computer Center of the Institute for Molecular Science. The location of the ruthenium atom was determined by direct methods using SHELXS-86, 15 and the other non-hydrogen atoms were found by the usual Fourier methods using the Universal Crystallographic Computation Program System UNICS III.
16 All non-hydrogen atoms were anisotropically refined. The atomic parameters of non-hydrogen atoms and selected bond lengths and angles are listed in Tables 2 and 3 , respectively. Anisotropic thermal parameters (Table S1 ), complete tables of bond distances and angles (Table S2) , and an ORTEP drawing of the crystal structures ( Figure S1 ) are included as Supporting Information.
Results and Discussion
Synthesis. The synthetic route to the bridging ligand and its complexes is summarized in Scheme 3. The bridging ligand, bbbpyH 2 , was synthesized by the condensation reaction of 2,2′-dicyano-4,4′-bipyridine with o-phenylenediamine in polyphosphoric acid. The bbbpyH 2 ligand is sparingly soluble in common organic solvents. However, the addition of acid such as hydrochloric acid increases the solubility of the ligand in polar organic solvents such as hot methanol. The reaction of bbbpyH 2 with Ru(bpy) 2 Cl 2 in a 1:1 molar ratio gave a mixture of mononuclear and dinuclear complexes. Even when an excess of the ligand was used, the mononuclear complex was always contaminated by the dinuclear complex. Attempts to synthesize only the mononuclear Ru complex have failed so far. To obtain a pure mononuclear complex, the mixture was carefully separated by using SP-Sephadex C-25 cation-exchange chromatography. The structure of the mononuclear complex was confirmed by single crystal X-ray structure analysis described below. The dinuclear complex was obtained by reaction of Ru-(bpy) 2 Cl 2 with the ligand in a 2:1 ratio. Deprotonation was achieved by reaction of sodium methoxide with the mononuclear or dinuclear bbbpyH 2 complex in methanol. The deprotonated complexes completely reverted to the corresponding protonated ones by the addition of acid. NMR Spectra. The 1 H NMR spectrum of free bbbpyH 2 in DMSO-d 6 shows seven sets of signals in the aromatic region, as illustrated in Figure 1 . The signal assignment is rather straightforward if the signal splitting by spin-spin coupling and the comparison of chemical shifts with those of oligopyridines are considered: 17 i.e., proton signals can be assigned to H(6), H(3), H(5), H(R), H(δ), H(γ), and H( ) protons in this order from the low-frequency end (see Figure1 for atom numbering). Figure 1 also 
Scheme 3
ligand. Protons H( ), H(γ), and H(δ) on the benzimidazole moiety exhibit relatively broad signals due to the N-H proton exchange with residual water in DMSO-d 6 . When the spinspin coupling, the magnetic anisotropy from the bpy ligands, and the chemical shifts of other benzimidazole complexes are considered, 17 the triplet signals at δ 7.10 and 7.45 are assigned to H( ) and H(γ) and the doublet signals at 5.72 and 8.00 to H(R) and H(δ), respectively. Among these benzimidazole protons, the proton H(R) shows a large negative shift upon coordination due to magnetic anisotropy induced by the proximate ring current. The singlet at δ 9.01 can be assigned to H(3) on the pyridine ring. The other H(5) and H(6) pyridine proton signals overlap at δ 7.86. On coordination to two ruthenium ions, the chemical shifts of the H(3), H(γ), and H(δ) are shifted downfield, while the H(5), H(6), H(R), and H( ) show upfield shifts. The deprotonation of bbbpyH 2 in the dinuclear complex induces an upfield shift for all proton signals. In particular, H( ) and H(γ) show large upfield shifts. This result indicates that negative charge is accumulated above the carbon atoms attached to H( ) and H(γ) as a result of the deprotonation. This interpretation is supported by the ab initio MO calculations of the free bbbpyH 2 ligand for the protonated and deprotonated forms: i.e., the MO calculations reveal an increase of electron density on the two carbon-H( ) and -H(γ) moieties after the deprotonation.
X-ray Structure Determination of the Mononuclear Complex. Suitable crystals for X-ray crystallography were obtained by slow evaporation of a mixed methanol-acetone solution of the mononuclear complex [Ru(bpy) 2 (bbbpyH 2 )](ClO 4 ) 2 . This complex contained one methanol and four water molecules as a solvate of the crystallization solvent. An ORTEP drawing of the structure of the cation [Ru(bpy) 2 (bbbpyH 2) ] 2+ with the atomic numbering scheme is displayed in Figure 2 . Table 3 contains selected bond distances and angles. The atom positional and thermal parameters arising from the structure determination, complete tables of bond distances and angles, and an ORTEP drawing of the crystal structures are provided as Supporting Information.
The coordination geometry of the ruthenium(II) ion is approximately octahedral, and the metal is coordinated by two bpy ligands oriented in a cis geometry and by a bbbpyH 2 ligand. The Ru-N bpy distances (2.025-2.046 Å) and Ru-N bbbpyH2 distances (2.081-2.090 Å) are all in the range expected for these types of complexes. 18, 19 The bond distances in the bbbpyH 2 and bpy ligands are normal. The longer Ru-N(1) and -N(2) distances indicate that the bbbpyH 2 ligand acts as a weaker σ-donor relative to the bpy ligand. (2) 761 (7) 1718 (6) 1918 (9) 6.1 C(41) -685(7) 2887(7) -1727(10) 8.0 C (3) 271 (7) 1148 (7) 2367 (10) (21) 8078 (7) 817 (7) -6274(8) 7.9 O(2G) 6886 (22) 1316 (21) 5 (29) 22.0 C (22) 8381 (7 The dihedral angle between both pyridyl rings in the bbbpyH 2 ligand is 9.4(3)°, which is close to coplanar, in the complex. No significant intermolecular interactions such as hydrogen bonding or stacking interactions between aromatic rings could be found. Several X-ray structures of the 4,4′-bipyridine complexes have been reported, some of which adopt a coplanar structure. 20 In order to shed light on the electronic structure of bbbpyH 2 , ab initio molecular orbital calculations were performed. The most interesting feature of the HOMO (71st) and LUMO (72nd) orbitals is the electron density distribution of these two orbitals (Figure 3 ). In the HOMO, the electron density is concentrated on the benzimidazolyl moieties.
On the other hand, the contour lines of the electron density in the LUMO are concentrated on the central 4,4′-bpy moieties, which indicates that the electron occupation of this orbital has a large quinoid contribution. If bbbpyH 2 is behaving as a π-acceptor and Ru(II) as a π-donor, the LUMO of the bbbpyH 2 ligand can be significantly occupied. Furthermore, the electronic structures of bbbpyH 2 coordinated to F -and H + were calculated as model systems for the coordination of the electron donor and electron acceptor. The result of the ab initio MO calculations clearly indicates that coordination of an electron donor such as F -prefers the coplanar structure, whereas in the case of an electron acceptor such as H + the nonplanar structure is adopted. Thus, these ab initio MO calculations support the planar structure of the bbbpyH 2 ligand when the Ru(II) ion acts as an electron donor. A similar interpretation has been proposed for the dihedral angles of the biphenyl C-C bond in the tetraaminobiphenyl Ru(bpy) 2 complex, and the possibility for this complex to act as a molecular switch by this twisting of the biphenyl C-C subunit has then been noted. 21 Recently, conformational changes induced by complexation with a cation or by photoexcitation have been shown to modify the electron transfer properties of these complexes. 22 Similarly, the present mononuclear complex has the potential to undergo a conformational change around the 4,4′-bipyridine C-C bond in response to a perturbation such as the Ru(II) to Ru(III) oxidation. Absorption Spectra of Protonated Complexes. Absorption spectral data are collected in Table 4 . Mononuclear [Ru(bpy) 2 -(bbbpyH 2 )] 2+ has a dπ-π*(MLCT) absorption maximum at 465 nm in CH 3 CN. The π-π*(bbbpyH 2 ) transition appeared at 329 nm. Going from the mononuclear compound to the dinuclear complex [(bpy) 2 Ru(bbbpyH 2 )Ru(bpy) 2 ] 4+ , the absorption maxima of both the dπ-π* and π-π*(bbbpyH 2 ) transitions shift to longer wavelength (Table 4 ). This result indicates that coordination of the second Ru(II) ion stabilizes the π*-level of bbbpyH 2 . The MLCT absorption maximum is slightly lower in energy than those of [Ru(bpy) 2 (bpbimH 2 )] 2+ and [Ru(bpy) 2 -(bpbimH 2 )Ru(bpy) 2 ] 4+ but higher than those of [Ru(bpy) 2 -(dpp)] 2+ and [(bpy) 2 Ru(dpp)Ru(bpy) 2 ] 4+ . 2s This shows that the donor property of the bridging ligand decreases in the order of bpbimH 2 > bbbpyH 2 > dpp. In the case of substitution of the peripheral bpy ligands by btfmb, the MLCT band of the dinuclear complex shifts to shorter wavelength. Since btfmb is a weak σ-donor, as a result of the strongly electronwithdrawing substituents and low π*-orbital energies, the dπ orbitals will also be stabilized. The lowering in energy of both the dπ and peripheral ligand π*-orbitals is responsible for the change of MLCT band energies.
Emission Spectra. The MLCT emission of [Ru(bpy) 2 -(bbbpyH 2 )] 2+ is observed at 668 nm in CH 3 CN. Addition of perchloric acid leads to quenching of the emission, and the lifetime becomes shorter (25 ns) .
[(bpy) 2 Ru(bbbpyH 2 )Ru(bpy) 2 ] 4+ in CH 3 CN emits at 719 nm-(uncorrected) with a lifetime of 200 ns. The emission maximum of the dinuclear complex was observed at longer wavelength compared to that of the mononuclear complex. Substitution of the peripheral ligand bpy by btfmb in [(L) 2 Ru(bbbpyH 2 )Ru-(L) 2 ] 4+ leads to a blue shift in the emission maximum. Addition of water to the CH 3 CN solution of the dinuclear complex [(bpy) 2 Ru(bbbpyH 2 )Ru(bpy) 2 ] 4+ decreases the emission intensity and its lifetime drastically. The hydrogen-bonding interaction of the imino NH moiety of bbbpyH 2 is responsible for the change in excited-state properties, in which the N-H moiety acts as a H + donor and the water as a H + acceptor. This interaction between the imino NH group and the solvent makes the nonradiative decay pathway more efficient due to the lowering of dd state energies. This is supported by the decrease of the oxidation potential under these conditions. When the peripheral bpy is deuterated in [(bpy-d 8 ) 2 Ru-(bbbpyH 2 )Ru(bpy-d 8 ) 2 ] 4+ , no change is observed in the emission maxima and lifetime. However, when deuterated hydrochloric acid was added to the solution, the lifetime became 40% longer. The observed deuterium effect can be explained by the H/D exchange on the imino moiety.
The present bbbpyH 2 dinuclear complex exhibits a 10 times shorter excited-state lifetime, compared to the qpy-bridged dinuclear complex (2.0 µs in CH 3 CN). 6 Since the intervening 4,4′-bipyridine component is the same for bbbpyH 2 and qpy, the change of the excited-state properties will be caused by the difference in the terminal coordinating components benzimidazole and pyridine.
Electrochemistry of Protonated Complexes. Redox potentials of the ruthenium complexes are collected in Table 5 . The mononuclear complex [Ru(bpy) 2 (bbbpyH 2 )] 2+ reveals a one-electron oxidation process at +0.79 V vs Fc/Fc + and three one-electron reduction processes at -1.44, -1.72, and -1.99 V. In the reduction processes, the first reduction was irreversible at a scan rate of 100 mV s -1 . However, reversible behavior was observed at scan rates of 1 V s -1 or above. The oxidation is a Ru(II/III) process, which can be proven by the disappearance of the MLCT band after the oxidative spectroelectrochemistry at +0.9 V. From the reduction potential of [Ru(bpy) 3 ] 2+ in CH 3 CN, 23 it is concluded that reduction of the mononuclear complex occurs first on the bbbpyH 2 ligand and then on each bpy ligand (Table 5) .
The dinuclear complex [(bpy) 2 Ru(bbbpyH 2 )Ru(bpy) 2 ] 4+ exhibits only one oxidation wave. No difference in the oxidation potential was observed between the mononuclear and the dinuclear complex (Table 5 ). Coulometry indicates that two electrons are involved in this process. From the separation between the anodic and cathodic peak potential (65 mV), 24 it is concluded that two closely spaced one-electron processes are involved in this oxidation. Upon deprotonation of the dinuclear complex, the oxidation potential shifts to a more negative potential (about 0.4 V) while the peak-to-peak separation in the dinuclear complex does not change.
Coordination of the second [Ru(bpy) 2 ] 2+ ion to the remote nitrogen atoms of the mononuclear [Ru(bpy) 2 (bbbpyH 2 )] 2+ causes a shift to more positive potential for the reduction processes with respect to the mononuclear complex, particularly for the first reduction process. This potential shift reflects the stabilization of the bbbpyH 2 π*-orbitals in the dinuclear complex, which is consistent with the lower energies of both the π-π*(bbbpyH 2 ) and MLCT transitions of the dinuclear complex. From the combined electrochemical and photophysical data, the redox sites for the dinuclear complex can be assigned to the Ru(II/III) couple for the oxidation and the successive reductions to first the bridging bbbpyH 2 and then to the two bpy ligands. A sharp spike due to adsorption onto the electrode was observed in the third reduction wave. The oxidation potential for [(bpy) 2 Ru(BL)Ru(bpy) 2 ] 4+ increases in the order of BL ) bpbimH 2 < bbbpyH 2 < qpy < dpp, which indicates that the acceptor property of the bridging ligand BL increases in this order.
The introduction of trifluoromethyl groups into the bpy ligand leads to a large positive shift of the Ru(II/III) oxidation potential ( Table 5 ). The dinuclear complex [(btfmb) 2 Ru(bbbpyH 2 )Ru-(btfmb) 2 ] 4+ exhibits a two-electron oxidation process at +1.08 V in CH 3 CN, which is shifted to a 0.28 V more positive potential than that of the bpy analog. Three reversible one-electron reduction processes for [(btfmb) 2 Ru(bbbpyH 2 )Ru(btfmb) 2 ] 4+ were observed at -1.30, -1.52, and -1.91 V. However, the assignment of the reduction processes is not straightforward since the btfmb ligand has its π* orbitals at lower energy. 25 Deprotonation of the bbbpyH 2 ligand does not affect these reduction potentials. Both btfmb and bbbpyH 2 reduction waves may be overlapping.
Resonance Raman (rR) Spectra of Protonated Complexes. To characterize which ligand is involved in the lowest energy MLCT transition in the present mixed-ligand Ru complexes, rR spectra were obtained. Because of the strong emission, rR spectra of [Ru(bpy) 2 (bbbpyH 2 )] 2+ could only be obtained with excitation wavelengths of 458-488-496.5 nm. All three rR spectra show the presence of bands belonging to bpy and bbbpyH 2 . However, the bbbpyH 2 bands at 1618, 1451, and 1274 cm -1 decrease in intensity with respect to the bpy bands 2q,26 at 1603, 1554, 1487, 1317, 1287, and 1173 cm -1 when the exciting wavelength is varied from 496.5 to 458 nm. The intensity ratio of the two bands at 1618 and 1603 cm -1 changes from ca. 1:1 with 496.5 nm excitation to 1:3 with excitation at 458 nm. The wavelength dependence of these intensities demonstrates how the MLCT transitions and accordingly the character of the lowest empty ligand orbital varies with the wavelength of excitation. 26 Thus, the MLCT absorption maximum at 460 nm mainly belongs to the Ru to bbbpyH 2 MLCT transitions and the high-energy shoulder to Ru-bpy MLCT.
Since the absorption spectrum of the dinuclear complex [(bpy) 2 Ru(bbbpyH 2 )Ru(bpy) 2 ] 4+ in CH 2 Cl 2 shows two absorption maxima at ∼490 and ∼460 nm, rR spectra have been obtained with 457.9-488-514.5 and 536 nm excitation. The rR spectrum of [(bpy) 2 Ru(bbbpyH 2 )Ru(bpy) 2 ] 4+ excited at 514.5 nm shows the highest rR intensities for bbbpyH 2 bands at 1616, 1267, and 1024 cm -1 (Figure 4 ). Going to shorter wavelength excitation, the relative intensities of these bands decrease with respect to those of bpy. At 488 nm, both the bbbpyH 2 and bpy bands have a similar contribution, and the bpy bands further increase upon 457.9 nm excitation. From this wavelength dependence, we can conclude that the first absorption maximum at 490 nm mainly belongs to Ru to bbbpyH 2 transitions and the second one at ∼460 nm to Ru to bpy transitions.
Upon substitution of the peripheral bpy ligands by btfmb in [(bpy) 2 Ru(bbbpyH 2 )Ru(bpy) 2 ] 4+ , the spectral changes are less clear because unfortunately two of the bbbpyH 2 vibrations coincide with btfmb modes at ∼1625 and 1270 cm -1 . However, dinuclear [(btfmb) 2 Ru(bbbpyH 2 )Ru(btfmb) 2 ] 4+ exhibits the highest rR intensity for the bbbpyH 2 bands at 1625, 1268, and 1024 cm -1 upon 488 nm excitation ( Figure 5 ). The relative intensities of the btfmb bands were highest in the 457.9 nm excited spectrum. Still, these intensity effects are not very dramatic and the Ru f btfmb and Ru f bbbpyH 2 transitions will therefore nearly coincide. Transient Absorption Spectra of Protonated Complexes. The transient difference absorption (TA) spectrum at ambient temperature, obtained immediately after laser excitation of [Ru-(bpy) 2 (bbbpyH 2 )] 2+ in 1 mM HClO 4 in CH 3 CN, is shown in Figure 6a . Under neutral conditions, the same TA spectrum is observed for [Ru(bpy) 2 (bbbpyH 2 )] 2+ . The TA decayed with the same rate as the phosphorescence monitored at 667 nm. This means that the TA spectrum represents the formation of the lowest excited CT state. The TA spectrum of [Ru(bpy) 2 -(bbbpyH 2 )] 2+ exhibits a strong bleaching of the π-π* transition of bbbpyH 2 at 334 nm and of the MLCT band at 462 nm and an absorption enhancement at 310, 380, and 540 nm ( Figure  6a) , which is clearly different from that of [Ru(bpy) 3 ] 2+ . 27 By comparison with reported spectra of other relevant complexes, 27 the band at 310 nm is assigned to a π-π* transition of bpy coordinated to Ru(III), and the bands around 380 and 540 nm are assigned to π-π* transitions of reduced bbbpyH 2 -. From these results, it is concluded that the lowest excited state of [Ru(bpy) 2 (bbbpyH 2 )] 2+ is Ru(II) to bbbpyH 2 CT in character, which is consistent with the wavelength dependence of the rR spectra.
The TA spectrum of [(bpy) 2 Ru(bbbpyH 2 )Ru(bpy) 2 ] 4+ , shown in Figure 6b , is similar to that of the mononuclear complex, except for a shift to longer wavelength and a splitting of the MLCT band around 480 nm. The observed decay rate for the TA spectra shows the same value as that of phosphorescence at all wavelengths. Therefore, the TA spectrum is ascribed to the formation of an excited MLCT state. The oxidative difference absorption spectrum obtained spectroelectrochemically at +0.9 V indicates a decrease of the MLCT band around 500 nm, the appearance of a LMCT band at 640 nm, and π-π* transitions of bpy and bbbpyH 2 coordinated to Ru(III) at 310 and 380 nm, respectively. Thus, the TA spectrum of the dinuclear complex reveals that the excited electron resides on the bbbpyH 2 bridging ligand. On the contrary, when the peripheral bpy was substituted by btfmb, the TA spectrum of [(btfmb) (Figure 7 ). Since no strong bleaching for the π-π* transition of bbbpy at 342 nm is observed and a strong band belonging to btfmbshows up at 370 nm, the lowest excited state has Ru f btfmb MLCT character.
Proton-Induced Tuning of the Chemical Properties: Absorption Spectra. The absorption spectra of all complexes in CH 3 CN-buffer strongly depend on the solution pH. As the pH of a solution of [Ru(bpy) 2 (bbbpyH 2 )] 2+ in CH 3 CN-buffer is raised, two stepwise spectral changes are observed at 1 < pH < 10. From pH 1 to 5.2, the intensity of the valley at 385 nm increases. However, only a small change of the MLCT band at 465 nm is observed. Upon further increase of pH from 5.2 to 10, the absorption maximum at 465 nm shifts to longer wavelength (472 nm), keeping the isosbestic points at 420 and 480 nm. From the analysis of the absorbance vs pH titration curve, the first pK f1 for protonation, probably of the free benzimidazole moiety, and the imino N-H dissociation constant, pK a1 , of [Ru(bpy) 2 (bbbpyH 2 )] 2+ are calculated as pK f1 ) 3.91 and pK a1 ) 6.63 (Scheme 4). Since limiting spectra could not be obtained in the more acidic pH region, an accurate second pK f2 for protonation of the free (2-pyridyl)benzimidazole moiety could not be determined. However, bbbpyH 2 becomes protonated to form the diprotonated mononuclear complex [Ru(bpy) 2 -(bbbpyH 4 )] 4+ in 98% sulfuric acid, whereupon the complex exhibits MLCT absorption maxima at 442 and 546 nm. The reported pK f values of coordinated 4,4′-bipyridine in Ru and Re complexes fall within a range 4-4.5. 28 Thus, the coodinated bbbpyH 2 ligand has a low basicity compared to unsubstituted 4,4′-bipyridine.
Dinuclear [(bpy) 2 Ru(bbbpyH 2 )Ru(bpy) 2 ] 4+ in CH 3 CN-buffer (pH 2.3) exhibits a MLCT band at 499 nm. The pH dependence of the absorption spectra is shown in Figure 8 . Going from pH 3.2 to 11.2, the MLCT band at 499 nm shifts to 483 nm. From regression curve fitting of plots of absorbance vs pH at 385, 485 and 523 nm (see the inset of Figure 8) , the values of pK a1 ) 5.57 and pK a2 ) 6.88 were obtained. The pK a value of [(btfmb) 2 Ru(bbbpyH 2 )Ru(btfmb) 2 ] 4+ became lower compared to those of bpy analogs ( 26 In addition, a strong band is observed at 1618 cm -1 . Since this band appears in the spectra of both complexes, it is assigned to a symmetric stretching vibration of the bridging ligand, bbbpy. The 1618 cm -1 band is the strongest Raman band upon 36, 4.64, 4.92, 5.22, 5.52, 5.78, 6.15, 6.42, 6.88, 7.12, 7.37, 7.66, 7.95, and 8.31 , and the titration curves at different wavelengths. The lines are simulated curves. excitation at the low-energy side of the first absorption band. This means that this part of the composite band belongs to the Ru f bbbpy transitions. Going to shorter wavelength excitation, the bpy bands increase in intensity at the expense of the bbbpy bands. Thus, the high-energy shoulder of the MLCT band mainly consists of the Ru f bpy transitions. In accordance with expectations, both complexes behave similarly. We may conclude from these data that the lowest π*-orbitals of the two ligands bbbpy and bpy are very close in energy, although the orbital of bbbpy lies still somewhat lower. Proton-Coupled Oxidation Reactions. The oxidation potentials of the mono-and dinuclear Ru-bbbpyH 2 complexes in CH 3 CN-buffer show a strong pH dependence. From a plot of the half-wave potential E 1/2 vs pH for the mononuclear complex [Ru(bpy) 2 (bbbpyH 2) ] 2+ in CH 3 CN-buffer (1:1 v/v), it was found that the E 1/2 values decrease linearly with a slope of -60 mV at 1.5 < pH < 6.9. This is consistent with a reversible one-proton, one-electron process (eq 1).
At pH > 6.9, the slope of E 1/2 vs pH is independent of pH and the process can be represented as
The breakpoint of these two lines gives pK a ) 6.9, which is consistent with the value obtained by the spectrophotometric method.
Similarly, the cyclic voltammogram of the dinuclear complex exhibits only one two-electron oxidation wave over the whole pH range. Even changing the solution pH did not lead to any difference in peak separation for the dinuclear bbbpyH 2 complex. This suggests that the difference between the first and the second oxidation potentials in two successive oneelectron processes has not changed. This observation is in contrast with the electrochemical behavior of the bpbimH 2 complex. 4b Figure 9 shows the half-wave potential, E 1/2 , vs pH diagram for the dinuclear complex [Ru(bpy) 2 (bbbpyH 2 )Ru(bpy) 2 ] 4+ , where the half-wave potential, E 1/2 , is calculated as the average of the anodic and cathodic peak potentials. Over the pH range 1.6-5.6, the E 1/2 value decreases linearly with increasing pH with a slope -60 mV/pH unit, indicative of a two-electron, twoproton step (eq 3).
At 5.6 < pH < 7.2, the slope of E 1/2 vs pH was -30 mV/pH, which is consistent with the two-electron, one-proton reaction as shown in eq 4.
Above pH 7.2, the Ru(II/III) couple is independent of the pH (eq 5).
pK a values of 5.6 and 7.2 were obtained as breakpoints and are consistent with those obtained from spectrophotometric measurements.
Transient Absorption Spectra. Figure 10 shows the TA spectrum of the isolated deprotonated dinuclear complex in CH 3 -CN, with a bleaching at 490 nm and absorption enhancement at 310, 360, and 675 nm. The TA at these wavelengths decayed with the same rate (20 ns) as the phosphorescence monitored at 715 nm. This means that the TA spectrum represents the formation of the lowest excited CT state.
In contrast to the TA spectrum of the protonated dinuclear complex (Figure 6b ), the band around 360 nm is relatively weak compared to the band at 310 nm. Furthermore, no bleaching of the π-π* transition of bbbpy at 344 nm is observed, and the strong band of bpy -at 370 nm does not show up. Comparing this result with the reported TA spectra of [Ru-(bpy) 3 ] 2+ and other relevant Ru-bpy complexes, 4c-e the band around 360 nm arises from the fact that the bands of bpy -and/ or bbbpy -cancel out the bleaching of the strong π-π* transition of bbbpy around 350 nm. The weak band in the ∼650 nm region also indicates a transition of bbbpy -in addition to the π-π* transitions of both bpy -and bpy coordinated to Ru(III). Consequently, this TA spectral feature indicates that the excited electron is localized on both the peripheral bpy ligand and bbbpy. Thus, the lowest excited states of the dinuclear complexes can be summarized in Scheme 5.
Deprotonation Effect on the IT Band. Flow oxidative electrolysis of [(bpy) 2 Ru(bbbpyH 2 )Ru(bpy) 2 ] 4+ in CH 3 CN gave the characteristic near-infrared spectrum of a mixed-valence Ru-(II)-Ru(III) complex. When the applied potential was made more positive, a new band at 1200 nm (8330 cm -1 ) first increased and then decreased in intensity, whereas the band at 680 nm only increased in intensity. On the basis of this observation, the bands at 1200 and 680 nm are assigned to an intervalence charge transfer (IT) and a ligand-to-metal charge transfer (LMCT) transition, respectively. The anodic current, i, can be written as where n ) the number of electrons oxidized in the flow electrolysis, V ) flow rate, i ) anodic current, F ) Faraday constant, and [M] 0 ) initial concentration of the complex. From analysis of the plot of absorbance vs current, the comproportionation constant can be determined as K com ) 4.1. By using this comproportionation constant, the IT band can be calculated as shown in Figure 11 .
From this spectrum, the absorbance maximum of the IT transition was found to be at 1200 nm, with an extinction coefficient of 170 M -1 cm -1 . On the other hand, no IT band below 1000 nm was observed for [(btfmb) 2 Ru(bbbpyH 2 )Ru-(btfmb) 2 ] 4+ in CH 3 CN.
The degree of electronic coupling between the metal centers, H AB , can be evaluated from the position, bandwidth, and intensity of the IT band through the following equation: 29 where max is the extinction coefficient (in M -1 cm -1 ), ν max is the wavenumber of the IT absorption maximum (in cm -1 ), ∆ν 1/2 is the bandwidth at half-height (in cm -1 ), and r is the distance between the metal sites (in Å). For the present bbbpyH 2 -bridged system, a value r ) 11 Å was estimated from molecular models. The calculated H AB value is 120 cm -1 , which is relatively small compared with those reported for systems of other bridging ligands such as bpbimH 2 . When the bridging bbbpyH 2 ligand was deprotonated, the IT band could unfortunately not be observed. This may be due to a smaller metal-metal interaction in the deprotonated form compared to that in the protonated form or to overlap with the strong LMCT band at 780 nm. The latter explanation is not very probable, since the intervalence band for dinuclear complexes containing the benzimidazole and benzimidazolate have been separated from the LMCT band. 4 The strength of electronic coupling between two Ru ions depends on orbital mixing between the Ru(II) or Ru(III) ion and the HOMO/LUMO orbitals of the bridging ligand as shown in Scheme 6, where BLH stands for the protonated state of the bridging ligand and BL -for the deprotonated one. Molecular orbital calculations of bbbpyH 2 and its deprotonated form indicate that the 4,4′-bipyridine moiety does not take part in the HOMO but does in the LUMO. Since the 4,4′-bipyridine moiety can be considered to act as a superexchange pathway, the metal-metal interaction is governed by the electron density in this LUMO π*-orbital. The high electron density on the 4,4′-bpy moiety of the LUMO (bbbpyH 2 ) suggests that a Ru(II)dπ-bbbpyH 2 π* (ligand LUMO) interaction exists. On the other hand, deprotonation of the bridging bbbpyH 2 moiety induces an increase of orbital energies, and the orbital interaction between Ru(II)dπ and the bridging bbbpy π*-orbitals will decrease. Similarly, lowering of the Ru dπ orbitals by use of btfmb as peripheral ligands also decreases the interaction between Ru dπ and the bridging bbbpy π*-orbitals, which leads to the lack of an observable IT band in [(btfmb) 2 Ru(bbbpyH 2 )-Ru(btfmb) 2 ] 4+ . This is in sharp contrast to the bpbimH 2 system, in which the Ru(III)dπ-ligand π HOMO interaction increased when the bridging bpbimH 2 ligand was deprotonated. In conclusion, deprotonation of the bridging ligand increases the metal-metal interaction when the Ru(III)dπ-BL -π interaction is predominant. On the other hand, deprotonation decreases the interaction when the Ru(II)dπ-BL -π* interaction is predominant.
Conclusion
The new bridging ligand 2,2′-bis(benzimidazol-2-yl)-4,4′-bipyridine (4,4′-bbbpyH 2 ) has a relatively strong π-acceptor property because of the presence of low-energy π*-orbitals. In this way it is distinct from the isomeric 2,2′-bis(2-pyridyl)-bibenzimidazole (bpbimH 2 ) bridging system. 4,4′-BbbpyH 2 can form mono-and dinuclear Ru-bipyridine complexes. Since deprotonation increases the bridging ligand π/π*-orbital energies, the orbital mixing between the Ru dπ and bridging ligand π/π*-orbitals is changed; i.e., hole-type superexchange through the bridging ligand π-orbital to the Ru(III) dπ charge-transfer state is favored upon deprotonation, whereas electron-type superexchange through the Ru(II) dπ to the bridging ligand π*-orbital charge-transfer state is disfavored. Deprotonation of the 4,4′-bbbpyH 2 bridging ligand decreases the metal-metal interaction as a result of smaller orbital mixing between the Ru(II)dπ and bridging ligand π*-orbitals. Similar proton-induced tuning 
